Complex empirical orthQIOnal function (CEOP) analysis is used to investigate the coastal Kelvin wave driven Rossby wave response in the northeast Pacific. Using CEOF analysis, a spatial stmcture function is obtained from model upper layer thickness data. The model is a nonlinear, reduced gravity model of the northeast Pacific forced by coastal Kelvin waves originatinl in the equatorial Pacific. The spatial stmcture function is used to extract the interannual Rossby wave response from observed 300-m-depth temperature anomalies. The observed Rossby wave signal is termed the projection mode. Rossby wavelike feanues observed in the projection mode are onIer 1(MX) km long with most periods ranging between 2 and 4 years. The wave numbeR and frequencies found are consistent with Rossby d~cs.
able to generate poleward propagating coastal Kelvin waves [Moore, 1968; Anderson and Rowlands, 1976; Clarke, 1983] . Poleward propagating Kelvin waves along the west coast of North America have been shown to excite Rossby waves in numerical work by White and Saur [1983] , Pares-Sie"a and O'Brien [1989] , and Johnson and O' Brien [1990] .
First mode baroclinic Rossby waves account for a significant portion of the mesoscale variability in the mid-latitude eastern Pacific [Emery and Magaard, 1976; Price and Magaard, 198(), 1983] . Rossby waves can also be generated by wind stress curl forcing [White, 1982 [White, , 1985 Saur, 1981, 1983; Pares-Sie"a and O'Brien, 1989] . But in this paper we will investigate Rossby waves forced by coastal Kelvin wave propagation along the west coast of North America and not examine direct wind forcing to excite Rossby waves.
A nonlinear, reduced gravity, Ii layer model (discussed in section 2.2) is used to simulate the oceanic circulation in the northeast Pacific in order to test the hypothesis of an oceanic teleconnection. This type of simple model bas been used successfully in the equatorial Pacific [Inoue and O'Brien, 1987; Kubota and O'Brien, 1988] . Kelvin waves propAgating northward along the west coast of North America are used as the fon:ing. Model simulations show Rossby waves radiating westward from the west coast of North America as far north as 500N, the northern boundary of the model.
The goal of this paper is to demonstrate and validate that the Kelvin-Rossby mechanism in the numerical model is present in the mid-latitude Pacific. Evidence will also be presented to support the existence of an oceanic teleconnection that depends upon this mechanism. A mathematical technique called complex empirical orthogonal function (CEOF) analysis will be used. CEOF analysis can extract I. INnoDucnoN E1 Nino events of varying intensity occur in the equatorial Pacific and have been documented as far back as 1525 by Quinn and Neal [1987] . According to the hypothesis put forth by Wyrtki [1975] , El Nino is a response of the equatorial Pacific Ocean to atmospheric forcing. In the tropical Pacific, prior to the onset of EI Nino, strong southeast trades exist over the central Pacific. The strong trades drive water to the western equatorial Pacific, increasing the east-west sea level slope. Relaxation of the trades results in the accumulated water travelling eastward in the form of a downwelling equatorial Kelvin wave.
E1 Nino events have both oceanic and atmospheric implications. The downwelling equatorial Kelvin wave suppresses upwelling, shutting off a source of nutrient rich water and hence upsetting the ocean's biological balance off the west coast of equatorial South America. With reduced upwelling, anomalously warm OCean temperatures result. E1 Nino events are thought to cause decreased hurricane activity in the Atlantic, droughts in southeast Asia, floods in Brazil, and many other ano~alous weather conditions [O'Brien, 1987] . Because EI Nifio is such a large-scale equatorial event, it is natural to ask whether it has a sigDjficant mid-latitude influence: is equatorial El Nifio infonnation communicated through the ocean to mid-latitudes, i.e., does an oceanic teleconnection exist between the equatorial and so-called mid-latitude EI Nifio?
The equatorial Kelvin wave, upon impinging on the west coast of Ecuador, has been shown in theoretical work to be Copyright 1991 by the American Geopbysical Union.
Paper number 9OJCOI973. physical information describing the varying physical attributes of propagating features in travelling wavelike fields.
Through the use of CEOF analysis, a spatial structure function is obtained from model upper layer thickness (UL T) data. The spatial structure function is used to extract the coastal Kelvin wave excited Rossby wave signal from 300 m depth oceanic temperature anomalies. Rossby waves generated by coastal Kelvin wave propagation are shown to account for 47.5% of the variance in 300 m depth temperature anomalies, implying that this physical mechanism is very important to variability in temperature anomalies observed in the ocean. The Rossby waves have wavelengths of the order of Itm kIn and a majority of their periods ranging between 2 and 4 years.
This analysis focuses on the longitude band 135OW to 125OW at 4O"N. Due to its dispersive nature, the Rossby wave signal is anticipated to be strongest nearshore. Thus a nearshore 10-degree longitude band, 135OW to l~W, was chosen for the analysis. For the analysis, WN was chosen since the greatest density of oceanic temperature values was found at this latitude.
The next section discusses the oceanic and model data used in this research. Section 3 first discusses CEOF analysis and then illustrates its utility by presenting a test case. Next is a discussion of how CEOF analysis is Used to extract the coastal Kelvin wave excited Rossby wave signal from the 300-m-depth temperature data. Section 4 concludes with a derivation showing how to obtain frequency and amplitude information from the Rossby wave signal obtained through CEOF analysis. The remaining sections present and discuss our results. 
Model
A nonlinear reduced ~vity model in spherical coordinates is used to simulate the variability in the northeast Pacific due to coastal Kelvin wave propagation. The model consists of one dynamically active layer of a density p and depth H on top of an infinitely deep layer of slightly higher density p + ~p. The interface between these two layers is a proxy of the ocean pycnocline. Spherical coordinates are used due to the latitudinal extent of the model (18"N to SOON). The equations defining the model are [Pares-Sierra and O'Brien, 1989] The oceanic data used in this study were put together under a joint effort by Talley and White [1987] . The data consist of expendable bathythermograph temperatures at 300-m depth in the Pacific Ocean for the domain 3OON to SOON and 1300E to 1200w, roughly the entire north Pacific Ocean. The data were collected through the TRANSP AC Volunteer Observing Ship program. The temperatures are gridded into one-half degree by one-half degree values in space and are gridded bimonthly in time for the period June-July 1976 to October-November 1984. Temperature variability at 300 m is indicative of depth ftuctuations of the main thermocline. Warm temperatures generally correspond to a deep thermocline and cooler temperatures to a shallower thermocline.
In the present analysis we remove the bimonthly time mean to eliminate the annual signal, leaving signals with interannual time scales. Hence signals of propagating Rossby waves with interannual time scales should remain. Prior to mean calculation and removal, the missing values in the temperature data were filled using linear interpolation in time, then the data were smoothed twice in both directions using t-H weighting Hanning passes. After mean removal it was determined that smoothing of the anomalies was necessary, so the temperature anomalies were smoothed using two H-t Hanning passes.
Temperature anomalies (bimonthly means removed) at 4{1'N for the longitude band 13SW to 125W during the full JOURNAL OF GEOPHYSICAL RESEARCH, VOL.. NO. C2, PAGE 287, FEBRUARY 15, 1991 Correction to "Analysis of Remotely Forced Oceanic Rossby Waves off California" by Jay F. Shriver et aI.
In die papa' "Analysis of R~y For= Cke8DK: R<8by Wav~ off CaIifomja" by Jay F. U' = (Ap'p)g is the reduced gravity; A is an eddy viscosity coefficient; a is the radius of the Earth; and D. is the angular velQCity of rotation of the Earth.
Eq~ns (la-lc) were solved for the domain 18"N to SOON and from 155"W to the west coast of North America. Thẽ uatjons were discretized using a staggered gri4 (Arakawa C grid). A one-twelfth degree resolution was used in both the zonal and meridional directions (defined as the U to H distance in the staagered grid), with integration time steps of 20 min. The eastern bo~ has a oo.,slip condition (U = V = 0). The north, south and west boundaries are open boundaries employing a numerically implemented Sommerfeld radiation condition [see Camerlengo and O~Brien, 1980] . The model was forced at the eastern edge of the southern boundary by imposing the results of a wind forced, reduced gravity equatorial model [Kubota and O'Brien, 1988] in order to test the hypothesis that remotely excited Rossby waves playa major role in the mid-latitude EI Nino response. That model domain encompassed the equatorial Pacific from ZOOS to 25~ and was ~ from Jan~ 1961 to December 1984. U, V, and H were taken from this model along a 15-dep-ee longitude band at 18N and were used to force th~ above model (see Figtlfe 2) .
The width of the southern boundary used for forcing had to: be wide enough to allow coastally trapped waves to propagate through, but it had to be narrow enougb to minimi7~ contamination of the interior due to reflection of waves at the forced southern boundary. A 15-degree length was selected for the forced bo~.
An x-t picture of model UL T at ~ for 155!'W to 125OW and June-July 1976 to October-November 1984 with the overall m~ removed is shown in Figure 3 . Rossby wave propagation is evident and the waves are propagating at a phase speed of approximately 1.5 cm s -1 . The goal of this technique [see Barnett, 1983; Preisendorfer, 1988; White et ai., 1987] is to extract physical information on propagating features from a two-dimensional data array u = (u""J N x At where u is an N x M matrix with elements UIIIft and Nand M being the number of space and time points, respectively. Through the use of CEOF analysis the component eigenmodes of u are obtained. The theoretical development and other details of CEOF analysis are omitted here. For a lucid discussion ofCEOF analysis the reader is referred to papers by White et al. [1987] and Barnett [1983) .
The component eigenmodes of u consist of M pairs of complex vectors T i and S, where Ti=(T"JlxAt S; = (S,JNX I
The vector S will be referred to as the spatial function (SF) and T as the temporal function (TF). As will be shown, it is possible to obtain phase and amplitude infom1ation from the spatial and temporal components, respectively, of a given eigenmodec, yielding some very useful physical information.
By definition a complex vector C(x) can be represented as
where A(x) is an amplitude and 9(x) is a phase. We can use the vector identity shown above to ~resent S and T as .pac. For this simple travelling wave case, the four functions discussed above yield the infOmJatiOD needed to fully descn"be the physical attributes of the x-t field yielded by (2).
California Example
CEOF analysis, as shown in the test case, is an effective tool for extracting information on propagating features. Since Rossby waves are the propagating features of interest in this research, CEOF analysis is the logical choice.
CEOF analysis requires that the data to be processed are demeaned, or else the variance of the first eigenmode will be artificially large. Prior to us~ CEOF analysis on the model ULT data in Figure 3 , the space mean for each time and time mean for each space were removed yielding model ULT anomalies ( Figure 5 ). The model UL T anomalies in Figure 5 are restricted to 13SO-125OW, the domain of interest. The space mean (for each time, computed from the whole domain) was removed from the 135°-125W subregion. The space mean for 13SO-125W were first removed, but this caused the magnitude of the 1982-1983 E1 Nino to be suppressed. However, the large El Nino magnitude was a feature of interest. Removing the space mean (fQr each time) based on values in the band l55°-125°W left the magnitude of the 1982-1983 El Nino large, so the space mean was removed in this way. When the data defined by (2) were processed using CEOF analysis, all of the variance was accounted for by the first eigenmode; hence the first eigenmode reproduces f(x. I). The SF picture associated withf(x, !) is shown in Figure 4 . There is a wave number 2 pattern evident in both the real and iclnagjnary components of the SF picture, consistent with the given wave number. The .mf2 shift is a direct result of Hilbert transforming the data prior to complex EOF analysis.
The TF (not shown) is a wave number 1 pattern in time (consistent with the chosen (I) and displays a similar .mf2
phase shift (except shifted in an opposite sense) between the real and imaginary comPQnents.
Calculation of the s~ and temporal amplitude functions
show that E(x) = 16 and R(t) = 0.125. Note that the amplitude contn'butions for the time and ~ components are constant. Further, if E(x) and R(t) are multiplied together, the amplitude of the first ejgenmodc in x-I sp~ is reaUzed.
The spatial derivatiye of the spatial phase function yields the wave number, 2. CEOF analysis yields wave number, frequency and amplitude information that descn'bes the Rossby wave pattern in the projection mode. The projection mode is shown in Figure 7 . Rossby wave propagation is evident, with particularly large temperature anomalies in late 1976 to early 1m and in [1982] [1983] . These large temperature anomalies are related to equatorial EI Nino events in late 1976 to early 1m and 1982-1983. Figures 8 and 9 show the real and imaginary parts of the spatial function and projection temporal function, respectively. When the spatial function and projection temporal function amplitude functions are formed and multiplied to form a twO,odimensional amplitude field (Figure 10 ), several attn"butes are evident. Due to Rossby wave dispersion, the amplitude field shows a decrease away from shore. The tendency for amplitude decrease away from shore suggests nearshore generation of the observed waves. Spatially, the largest amplitude is found slightly offshore. This apparent problem is due to the CEOF analysis not being able to neatly isolate the boundary forced s~ in the model data, rather it splits the majority of this signal between eigenmodes 1 and 2 (inspection of the spatial amplitude function for eigenmode 2 (not shown), with largest amplitude nearshore confirDls this conjecture). Temporally, large-amplitude contributions . 13'6 .132 -130 .128 .126 -124 .eat lo~ltude F18. 11. Wavelength (in kilometers) of the Rossby waves 0b-served within the projection mode versus longitude. The wavelengths are of the order of lCXXI knI, generally increasing offshore, The wavelengths in Figure 11 were not found by fitting harmonics; rather, they were computed directly from the spatial phase function. Therefore the wavelength values in Figure 11 are not unreasonable, since they are not constrained by the limitations of fitting harmonics. An important source of sea level variability along the west coast of North America at periods of 2-4 years was identified by Pares-Sierra and O'Brien [1989] as poleward propagating Kelvin waves. Figure 12 shows that majority of the frequencies in the projection mode correspond to periods ranging between 2 and 4 years. Since observed frequencies are normally of the order of the forcing frequency, the forcing of Rossby wavelike features observed in the projection mode could be explained by poleward propagating Kelvin waves.
Additional evidence showing that coastal Kelvin waves excite Rossby waves can be found by comparing coastal sea level to the projection mode's value at l25OW for the time period June-July 1976 to October-November 1984 (hereinafter referred to as projection mode cut (PMC». If the Rossby waves in the projection mode are indeed forced by coastal Kelvin wave propagation, a high degree of coherence can be expected in the period band attributed to poleward propagating Kelvin waves (2-4 years). Figure 13 shows the coherence between the PMC and coastal sea level at San Francisco. Note good coherence (above 90%) for the period band 1200-1600 days (3-4.4 years). The high degree of coherence between the PMC and coastal sea level at San Francisco in the period band 3-4.4 years shows that the PMC, hence the projection mode, is strongly correlated to coastal Kelvin waves.
The phase in the period band 3-4.4 years ranges from 11°t o 2SO, with the projection mode cut lagging coastal sea level. The average phase difference corresponds to an average phase error of approximately 100 days. Since 125"W is approximately 1° offshore, it would seem reasonable to expect the two time series to be out of phase by some time related to the time it takes the Rossby waves to travel from their point of origin to 125"W. The phase speed obtained by dividing 1 degree of longitude at 4OON by 100 days is approximately 1 cm s -1 (a reasonable phase speed, as will be discussed next). Thus we expect that the phase difference is due to the time it takes the Rossby waves to travel from the point of generation to 125"W.
The theoretical Rossby wave phase speed is C = fAik = -.8i(k2 + (ftc)2), where cu is the frequency defined by the Rossby wave dispersion relation [Gill, 1982, p. 446) , .B is the meridional derivative of the Coriolis parameter I, k is the east-west local wave number, and c is the gravity wave phase speed (2.5 m S-I). Using the mean wave number value from the projection mode (obtained by dividing 211' by the mean wavelength (from Figure 11» , a mean theoretical phase speed of -1.2 cm s -1 is obtained. The mean phase speed within the projection mode (obtained by dividing the projection mode frequencies (Figure 12 ) by k, then averaging) is -1.3 cm s -I, in agreement with the theoretical phase speed of Rossby waves at 400N.
Using the Rossby wave dispersion relation and the local wave numbers within the projection mode (obtained from Figure 11 ), a theoretical frequency range of -0.5 to -0.25 cycles yr-1 is obtained, consistent with the frequency range within the projection mode (Figure 12 ). The Rossby wavelike features within the projection mode have been shown to be forced at the eastern boundary by coastal Kelvin wave propagation. This finding of coastal Kelvin wave excited Rossby waves at 40~ is consistent with the critical latitude 9c defined by McCreary etal. [1987] , 9c = tan-I (c/(2ua», where c is the gravity wave phase speed, 0" is the frequency and a is the radius of the Earth. Equatorward of 9 c' Rossby waves can be excited by coastal Kelvin waves. Using c = 250 cm s -I and a mean period of 3 years, a critical latitude of 71~ is found;
The projection eigenmode accounts for 47.5% of the variance in the 300-m temperature anomalies. The 47.5% variance explained by the projection mode implies that Rossby waves forced by coastal Kelvin wave propagation account for 47.5% of the variance in 300-m temperature anomalies for 135"W to 125"W at a latitude of 400N. The implication of this result is that the physical mechanism of the numerical model used in this research accounts for 47.5% of the variance in the temperature anomalies. The northern extent of offshore Rossby wave propagation generated by coastal Kelvin waves was addressed by McCreary et al. [1987] result was not totally unexpected, because the model from which the projection mode' ssttucture function was obtained has its Rossby wavelike features forced similarly. These results show a dynamic mechanism for the connection of equatorial El Nino events with north Pacific El Ninos, i.e., an oceanic teleconneCtion. Whit~ and Saur [1983] suggest that the mesoscale variability above 3OON is predominantly due to wind-fo~ Rossby waves; hence boundary-forced Rossby waves are negligible. Our results clearly show that boundary-forced Rossby waves are not negljpble within the area we examined. On the basis of our result, however, it is not possible to confinn or deny the conclusion of White and Saur. A lO-degree longitude band is too small to generalize the result to include large-scale variability, particularly for large disturbances along the coast.
In addition to the evidence of an oceanic teleconnection, it has also been shown that CEOF analysis is an effective tool in extracting information describing the varying physical attributes (wave nwnber, frequency, and amplitude) of pr0p-agating features in travelling wavelike fields.
The nonlinear, reduced gravity I! layer model used in this research simulates the oceanic circulation in the northeast Pacific using Kelvin waves pro,A~ti1!-g along the west coat of North America as its only forcing. Although the model has several limitations, such as no thermodynamics, no bottom topography and 1 baroclinic mode, the physical mechanism of this nwnerical model, and the projection mode, produces results that account for 47.5% of the variance in 300..m temperature anomalies. Thus we conclude that boundary forced Rossby waves are a very important mechanism for modifyiDl the interior Pacific Ocean. in this research the degree to which these waves are present is assessed.
Throuab the use of CEOF analysis aDd two data sets, D¥>del UL T and 300-m-depth temperature anomalies. a Rossby wavelike signal (projection mode) was found which KCOUDted for 47..5% of the'variance in the 300-m temperature anomalies. Large-amplitude nearshore and decreasing amplitude away from shore implies nearshore generation of these waves. The decrease in amplitude away from shore is evidence of Rossby wave dispersion. The Rossby waves have wavelengths of the order of IIXX> km and a majority of their periods between 2 and 4 years. The mean phase speed of the Rossby wavelike features within the projection mode is consistent with the theoretical Rossby wave phase speed at 4O"N. Effects of the equatorial EI Nifto events of aDd 1982 are clearly present in the projection mode, with large associated positive temperature anomalies. An important source of sea level variability along the west coast of North America at periods of2.-4 years was identified by Pares-Sierra and O' Brien [1989] as poleward propagating Kelvm waves. Since the Rossby waves observed in the projection mode have a majority of their periods ranging bet;ween 2 and 4 years, their forcing can be attributed to lOOI-period Kelvm waves.
Spectral comparisons between the projection mode' s values at 12.sow and coastal sea level produced sreater than 90% coherence in the period band 3-4.4 years. A strong coherence in the period band attn"buted to coastal Kelvin wave propagation implies a stroBl relationship between the two. The phases in the period band 3-4.4 years shows that the projection mode lap coastal sea level, suaesting that infonnation is travelling from the coast oft'shore. The speed at which the information propaptes oft'sbore is a reasonable nearshore Rossby wave pbase speed.
It is concluded that the Rossby waves observed in the projection mode are forced by coastal Kelvin waves. This REPEUNCES ADdenoD, D. L. T., and P. W. Rowlands, The roIc-of~-II'&vity aDd pJanetary waves in the respoaae of a boI*=a1 ocean to die
